The photoconductive, photorefractive and nonlinear optical properties of composites from polyvinylcarbazole or aromatic polyimide containing supramolecular ensembles of (tetra-15-crown-5) -phthalocyaninato gallium, indium, -phthalocyaninateacetato yttrium, -phthalocyaninato ruthenium with axially coordinated pyrazine molecules were investigated at 633, 1030 and 1064 nm using continuous and pulsed lasers. Supramolecular ensembles (SE) were prepared through dissolution of molecular metallophthalocyanines in tetrachloroethane (TCE) and subsequent treatment via three cycles of heating to 90 ∘ C and slow cooling to room temperature. The zscan method in femtosecond and nanosecond regimes was used for measuring nonlinear optical properties phthalocyaninato indium and yttrium in TCE solutions and polymer films. It was established that effect of heavy metallic atom is basic factor which determines the quantum yield, photorefractive amplification of laser object beam, dielectric susceptibility of third order and nonlinear optical properties of metallophthalocyanines.
Introduction
Photorefractive polymer composites sensitized at red and near infra-red widely is investigated in recent years as recording media for application such as medical imaging through scattering media [1] , dynamic holographic displays [2] , optical data storage, optical communication and dynamic aberration correction through holography in the all-organic photorefractive device which presents an alternative to complex adaptive optics systems currently employed in through-air optical communication links [3] and organic materials with nonlinear optical transmission properties [4] . The first results of an investigation of metallophtalocyanines as a basis for the elaboration of new high systems sensitive in near infra-red and red bands are presented in the paper. The principal direction of this works is the elaboration of the photorefractive (PR) materials based on polymers having high glass transition temperature Tg (nonplasticized aromatic polyimide Tg~240 ∘ C shown on scheme 1 and polyvinylcarbazole Tg = 200 ∘ C).
These polymers possess a high hole conductance. The PR effect is known to be characteristic of composites that possess photoelectric sensitivity, as well as electron transport and nonlinear optical (NLO) properties. The high Tg improves the stability of characteristics of the polymer composites but requires the use of the micro-dimensional NLO chromophores possessing an extended system of the collective electron excitation.
Scheme 1
In our early works the main attention was devoted photorefractive polymer composites from polyimide containing cyanine dyes J-aggregates [5] [6] [7] [8] [9] [10] . After casting of polymer layers from solution, the chaotic centrosymmetrical orientation of dopants of any size is frozen in the polymers having high Tg. Orientational polarization (reorientation) of dipolar chromophores during the variation of an electric field is impossible under these conditions. Besides, the electron polarizability -the second-order susceptibility is zero: χ (2) = Nbf 3 < cos 3 ξ >= 0 since the mean value of < cos 3 ξ >= 0 is zero in the case of random orientation of angles ξ (ξ is the angle between the principal chromophore axis and the direction of the applied field), N is the number of chromophores, f = (n 2 0 + 2)/3 is the Lorentz correlation factor relating the applied external field with the local field in the medium, n 0 is the linear refractive index, and b is the second-order molecular polarizability. In unplasticized polymer composites, the PR effect can be achieved with the use of NLO chromophores that exhibit third-order nonlinearity:
χ (3) = N f 4 < cos 4 ξ > (1) here is the third-order molecular polarizability and the mean value of < cos 4 ξ >= 1/5 at the random distribution of nonlinear chromophores. The third-order susceptibility is low in media that contains short chromophores, but it increases according to the well-known relation: χ (3)~l2. 4 with an increase in the exciton delocalization length l [11, 12] and reaches high values for entities under study. Thus, the design of PR composites on the basis of high-Tg polymers requires the use of NLO chromophores with an extended system of conjugated bonds. Supramolecular ensembles (SE) of metallophthalocyanines belong to such systems [13] [14] [15] [16] [17] [18] [19] . The present paper considers the photoelectric, nonlinear optical and photorefractive properties of composites from polyvinylcarbazole (PVCz) or aromatic polyimide containing tetra-15-crown-5-phthalocyaninato gallium [(15Cr5) 4 Pc]Ga(OH) (here [(15Cr5) 4 Pc] is a [4,5,4',5',4",5",4"',5"'-tetrakis (1,4,7,10,13-pentaoxatridecamethylene) phthalocyaninate ion]) (Scheme 2a), phthalocyaninateacetato yttrium [(15Cr5) 4 Pc]Y(OAc), (Scheme 2b), phthalocyaninato ruthenium with axially coordinated pyrazine molecules (15Cr5)Ru(pyz) 2 (Scheme 2c) and phthalocyaninato indium [(15Cr5) 4 Pc]In(OH) (Scheme 2d). Phthalocyaninato gallium, yttrium and indium were synthesized by Lapkina et al. [20] , phthalocyaninato ruthenium -by Enakieva et al. [21] . The paper contains basically the results published in Russian Journals. (1) did not undergo and underwent (2) one and (3) three cycles of thermal treatment (heating to 90 ∘ C followed by slow cooling to room temperature).
Experimental Procedures
Photoconductive and photorefractive characteristics were measured with the use of a Nd:YAG continuous laser emitting at 1064 nm. Optical absorption spectra were measured on a Shimadzu UV-3101PC spectrophotometer with using TCE solutions or polymer layers on quartz substrates.
The film composites for photoelectric and photorefractive measurements were prepared through dissolution of complexes in TCE and subsequent treatment via three cycles of heating to 90 ∘ C and slow cooling to room temperature (heating/cooling) to give rise to SE. Then, a viscous solution of PVCz (Aldrich, Mw = 1.1×10 6 ) or aromatic polyimide was added, and the mixture was sonicated for 3 min. The as-prepared viscous solution was cast on a glass substrate covered with the conducting alloy In 2 O 3 :SnO 2 (ITO).
A thin dielectric film of Al 2 O 3 (the band gap is 6.3 eV) was additionally thermal sprayed from above to reduce dark current. When the solvent was evaporated, the thickness of the composite was measured with an interferometer, and then polyvinylalcohol (PVA) was applied on the surface of the composite to confine the effect of oxygen. Then, the upper glass with the ITO electrode was pressed against the composite. The as-prepared cells were pressed under a small pressure at 90 ∘ C for 5 min. Then, samples were placed in a vacuum chamber and allowed to stay before testing.
The third order NLO properties were also measured in TCE solutions: 1 ml of TCE: 1 mg [(15Cr5) 4 Pc]Y(OAc) or [(15C5)4Pc]In(OH) after three cycles of heating/cooling and also in polymer films. The z-scan method based on femtosecond and nanosecond lasers was used. Optical absorption in the samples was measured under conditions in which the sample was moved along the z axis of the laser beam focused by lens. An Origami-10 femtosecond pulsed laser emitting at a wavelength of 1030 nm and pulsed nanosecond Nd:YAG laser with a wavelength 1064 nm were used.
Results

Linear optical characteristics and atomic force measurement
Optical spectra metallophthalocyanines were measured in TCE solution before and after several heating/cooling cycles. Early, the decrease of optical absorption of [(15Cr5) 4 Pc]Ru(TED) 2 in the molecular form (Q band peaked at 627 nm) and the increase in optical absorption at 800-1600 nm after 4 cycles heating to 70 ∘ C and slow cooling to room temperature has been shown [14] . It indicates the transfer of a major part of the molecular form of [(15 Cr5) 4 Pc]Ru(TED) 2 to SE during cyclic treatment. The images in Fig. 1 also shows that SE are absent in the initial molecular phthalocyaninate [(15Cr5) 4 Pc]Ru(TED) 2 ( Fig. 1.1 ) but SE arise after cyclic treatment heating/cooling ( Fig. 1.2 ). Topography shows that SE represent the wires 7-8 nm in height, 100-150 nm in width and 600 nm or more in length. It was established that phthalocyaninate indium does not form SE on visible light. Therefore SE were formed in TCE solution in dark condition. Fig. 2 presents optical absorption obtained before the cyclic treatment (1) and after one (2) and three cycles treatment heating/cooling (3). The Q band (λmax~696 nm) and absorption of dimers (leftward) prevails in optical absorption of initial phthalocyanine solution. Only optical absorption of dimers is observed after one cycle of treatment heating/cooling. The long wavelength edge of optical absorption of the monomers and dimers is near 900 nm. SE having λmax = 841 nm and long wave threshold near 1300 nm are formed as a result of three cycles heating/cooling. It correlates with the atomic force images of the entities. The images and topography in Fig. 3(1) show that the height of the initial entities has about 4-6 nm (molecular form) and about 10 nm (dimers). Dimers predominate after one thermal cycle heating/cooling. As can be seen in Fig. 3(2) , the image after three cycles heating/cooling consists mainly of SE of about 200 nm length and 12-16 nm height. Consequently, the single SE contains about 120 molecules. These ensembles are four times shorter than the "wires" obtained under similar conditions for phthalocyaninate ruthenium coordinated by triethylenediamine molecules. Similar formation of SE responsible for the appearance of optical absorption at λ > 1000 nm characterizes all above-mentioned metallophthalocyanines.
Nonlinear optical properties of the metallophthalocyanes supramolecular ensembles
Metallophthalocyanines have attracted the attention of researchers owing to their nonlinear optical absorption that provides a significant reduction in light transmission with the increasing intensity of laser radiation. This effect can be used to create power limiters for protecting eyes or optical devices against sudden laser bursts [20] [21] [22] [23] [24] . The third order nonlinear optical properties were measured in The light transmittance through the specimen was measured in two modes, namely, with a small aperture having diameter 2ra = 0.1 cm (closed aperture -T CA ) and open aperture (T OA ) (in Fig. 4 component 4 with open aperture is absent). At a high light intensity in the focal region, the bulk polarization P(E) of the sample has a noticeable orientation of nonlinear chromophores, the secondorder susceptibility is zero, as mentioned above (see contribution from nonlinear components. In solutions at the random centrisymmetrical Eq. (1)), and
Eis the amplitude of the electromagnetic-wave electric field and χ (1) is the linear susceptibility). Thus,
or refractive index equals
where n 0 = (1 + 4πχ (1) ) 0.5 (for TCE n 0 = 1.5) and I 0 is the laser beam intensity inside the sample at z = 0. At a high light intensity in the focal region, optical absorption changes to
n and α are the amounts determined from the zdependences of T CA and T OA , respectively.
Dielectric susceptibility
When T CA is measured, the sample is brought closer to a focal point with an increase in I 0 in the prefocal z region at a positive n 2 value, the refraction index n (equation (2)) increases, the sample 3 ( Fig. 4) becomes an additional focusing lens, and the distance to a focal point decreases on value ∆Φ. Therefore, the beam diameter on the equipment Figure 5a and 5b shows T CA and T OA dependences in femtosecond regime on the distance to a focal point (z = 0) for a solution of 1 mg [(15C5) 4 Pc]Y(OAc) in 1 ml TCE subjected to three cycles of heating/slowly cooling to room temperature. It is seen that more than a tenfold increase in the exposure time measured after laser irradiation for 40 and 450 µs, respectively, does not affect the shape of the z-scan curve. Hence, it follows that the nonlinear optical characteristics are determined by the intensity of light, rather than the incident energy.
Experimental values were approximated by the following theoretical dependence (solid line):
The fitted phase distortion ∆Φ 0 is related to the nonlinear effect as:
Here, x = z/z 0 is the relative distance from the sample to a focal point; z 0 = n 0 πw 2 0 /λ is the Rayleigh range, which is known to correspond to the distance from the focal point to the position where the beam radius equals w 0 × (2) 0.5 ;
and w 0 is the beam radius at the lens focal point. L e = 
where
Experimental points are well fitted by an equation ( . It is seen that there is no significant nonlinear optical absorption in the thermally untreated solution. However, after one heating/cooling cycles, the normalized transmittance of the solution decreases to T OA~0 .18 in passing through the focal region (z = 0). Experimental points 2 and 3 in Fig. 6 were measured after laser irradiation for 40 and 450 µs, respectively. Figure 6 also shows that more than a tenfold increase in the exposure time does not affect the shape of the z-scan curve. Hence, as it was mentioned above, it follows that the nonlinear optical characteristics are determined by the intensity of light, rather than the incident energy. Experimental points 2 and 3 were approximated by equation (6) There is no linear optical absorption by the dimers in the irradiation range of the femtosecond laser (α 0 = 0 at 1030 nm). Thus, nonlinear two-photon absorption at 515 nm is observed in this case (S 0 + 2hν → S 2 ), whose cross section is defined by: The laser pulse duration of~10 ns can exceed both the lifetime of the molecule in the excited singlet state S 1 and the time of intersystem crossing S 1 → T 1 . Therefore, the laser pulse is capable to ensure both the S 1 → S 2 transition and the T 1 → T 2 transition after intersystem crossing. The quantum yield of triplets in indium phthalocyanine can reach 0.88 [19] or even 1 [25, 26] . A high quantum yield of triplet states leads to the conclusion that the triplet-triplet absorption T 1 → T 2 is primarily responsible for the nonlinearity of the solution subjected to three cycles of heating/slow cooling treatment. The absorption cross-section for T 1 → T 2 transition (σ T−T ) can be evaluated using the following relation:
Here, hν = 1. 
Photoelectric properties of solid composites PVCz/metallophthalocyanines
Activation energy for the charge carrier photogeneration
Metallophthalocyanines SE act not only as nonlinear optical chromophores but simultaneously as spectral sensitizers to infra-red region. Photoelectric properties of composites were measured with using continuous Nd:YAG laser at 1064 nm. As it was previously shown [27, 28] at analysis photoelectric properties of composites from polyimide (PI) containing phthalocyaninato ruthenium with axially coordinated thriethylenediamine (TED) molecules [(15Cr5) 4 Pc]Ru(TED) 2 , the charge photogeneration arises due to the electron transfer from transport site of the polymer to photoexcited SE. The measured very low quantum efficiency of charge generation was determined by positive Gibbs energy ∆G = + 0.2 eV of this process. The admixture of a compound with a low ionization potential (ferrocene) leads to an increase in the quantum efficiency by almost two orders of magnitude. Indeed, the ground state of PI corresponds to an equilibrium oxidation potential of Eox = 0.76 V (relatively the saturated calomel electrode, S.C.E.), and the equilibrium reduction potential of the photoexcited SE close to the upper occupied level of the SE is 0.56 V [28] . Ferrocene molecules (Eox = 0.38 V) instead of PI are responsible for hole transport in ferrocene containing layers. The rise in the quantum efficiency by two orders of magnitude is due to a decrease in the free energy of electron transfer from ferrocene to photoexcited SE, ∆G = 0.38 − 0.56 = −0.18 eV. The upper occupied level of PVCz corresponds to 1.2 eV and the electron transfer from PVCz to photoexcited SE of [(15Cr5) 4 Pc]Ru(TED) 2 requires activation energy ∆G = 1.2 − 0.56 = +0.64 eV. To study the effect of the axial neighborhood of Ru(II) ions in tetra-15-crown-5-phthalocyanine complexes on the physicochemical properties of the compounds, it was synthesized a ruthenium (II) tetra-15-crown-5-phthalocyanine complex with ethylisonicotinate (EIN) molecules as axial ligands [18] . Electrochemical experiences have shown that the equilibrium reduction potential of the photoexcited SE of this compound equals 1.08 V (relatively S.C.E.) [29] . In composite PVCz/[15Cr5) 4 Pc]Ru(EIN) 2 , Gibbs energy has small positive value, ∆G = +0.12 eV, and ferrocene does not have a noticeable effect on the photoelectric and photorefractive properties. The measured in work [17] oxidation potential of [15Cr5) 4 Pc]Ga(OH) is 1.21 V. Hence, the activation energy for charge transfer is zero for the composite based on PVCz and [15Cr5) 4 Pc]Ga(OH). Ferrocene also does not affect on photoelectric and photorefractive characteristics. Additionally introducing ferrocene into the composites from PVCz and [15 Cr5) 4 Pc]Y(OAc), [15 Cr5) 4 Pc]In(OH) or PVCz/[15 Cr5) 4 Pc]Ru(pyz) 2 does not change photoelectric and photorefractive characteristics. On this account, it was done supposal that upper occupied levels of PVCz and these sensitizers have near values and the other factors and not the activation energy determine the charge formation quantum efficiency and coefficient photorefractive amplification of object laser beam.
Photoelectric properties composites from PVCz containing metallophthalocyanines
The dependences of dark current J d and photocurrent J ph on applied electric field E 0 for the PVCz based composite containing 5 wt% metallophthalocyanine were measured. Experiments were performed as follows. At each value of E 0 , first dark current J d was measured, after the laser beam (1064 nm) was switched on, and the total current (J ph + J d ) was measured. Photocurrent was estimated as a difference: Figure 7 presents the field dependence of the quantum efficiency of mobile charge carrier generation for composite from PVCz containing [15Cr5) 4 Pc]Y(OAc). The quantum efficiency was calculated from the photocurrent via the following formula:
where hc/λ = 1.165 eV is the energy of a light quantum at λ = 1064 nm, I 0 = 5.26 W/cm 2 is the intensity of laser radiation incident on the layer, and (1 − exp(−α 0 d)) is the fraction of light energy absorbed by the layer. Optical absorption in the layer at 1064 nm was nearly A = 0.004, thickness d = 9 µm, i.e. the optical absorption coefficient was α 0 = 2.3A/(d × 10 −4 ) = 10 cm −1 . The experimental data estimated via formula (10) were approximated through the Onsager equation calculated to (E 0 ) 4 (Fig. 7 , solid curve):
Here ϕ 0 is the quantum yield of thermalized electronhole pairs with the initial separation radius r 0 . P(r 0 , E 0 ) is the probability of the event that photogenerated electronhole pairs escape recombination in pair according to Onsager: Onsager formalism well describes the experimental data on photogeneration of charges in doped PVCz, assuming that the precursors of free charges are the relaxed states with charge transfer between PVCz and the dopant with the separation radius r 0 ≤ 10 Å. In calculations by the Onsager equation of the field dependence of the quantum efficiency in composites consisting of PVCz and metallophthalocyanines, we assumed r 0 = 9.8 Å. Experimental point for [15 Cr5) 4 Pc]Ga(OH), /[15Cr5) 4 Pc]Ru(PYZ) 2 , [15Cr5) 4 Pc]In(OH) more advantage are approximated to (E 0 ) 3 . Quantum yield of mobile charge estimated by fitting experimental points to Onsager equation is given in Table 1 .
Photorefractive effect
Photorefractive effect was considered in many reviews including [8, 30, 31] . The diameter of each beam incident on the layer was 4.5 mm. The spacing of the interference pattern at λ = 1064 nm was Λ = λ/(2n 0 sin θ) = 2.7 µm, because θ =7.5
∘ and the refractive index for PVCz is n 0 = 1.5. It is well known that the photorefractive effect appears in a photosensitive polymer composite during interference of two laser beams and that electron-hole pairs are generated in the region of bright interference bands (in Fig. 8 , solid lines inside the composite). During application of dc electric field E 0 to the sample, charges separate and drift in opposite directions until trapping by deep traps. The trapped charges of opposite signs form space charge induced periodic electric field Esc (sc indicates space charge) (the distribution of Esc along axis x is presented in the Fig. 8 below) . The field E 0 + Esc polarizes nonlinear optical chromophores and thus causes periodic modulation of refractive index ∆n:
that is, gives rise to a phase diffraction grating in the polymer layer (dashed lines inside the composite in Fig. 8 ).
The photorefractive effect appears when charges of different signs shift by different distances before they fall into the traps. Transport of holes predominates in all composites based on PVCz. Holes are trapped by end groups of PVCz, carbazolyl dimers. As result, the diffraction grating is spatially shifted from interference bands in the direction of captured holes at distance −x or by phase −ψ(= 2πx/Λ) (Fig. 8) . Under these conditions, information beam I 2 (0) (directed from bright interference bands to the grating) coincides in phase with a part of pumping beam I 1 (0) reflected from the grating, and their constructive interference provides amplification of the information object beam. The pumping beam is opposite in phase to the reflected part of the informational beam, and their destructive interference leads to attenuation of the pumping beam.
Owing to the ability to amplify laser beam, photorefractive materials of the IR range are promising for various applications based on photoelectronics. Specifically, laser radiation with a wavelength of 1064 nm may be used in op- tical medical diagnostics, because living tissues are sufficiently transparent in this range [32] . For studying the photorefractive effect, we selected beam 2, for which the I 21 /I 20 intensity ratio was measured. Here I 21 and I 20 are the intensities of beam 2 at switched on and switched off beam 1, respectively. When measurements were carried out at the same electric field intensity, the field direction was alternately changed. Beam 2 was amplified, i.e., acted as the information (object) beam, when the field was directed from the inlet to outlet electrode and symmetrically attenuated, i.e., acted as a pump beam at the opposite direction of the field while beam 1 acted as a information beam. Figure 9 shows the kinetic gain curves of beam 2 measured in a layer with a thickness of 9 µm containing 5 wt% [(15C5)4Pc]Y(OAc) at laser beam intensity I 1 (0) = I 2 (0) = 0.15 W/cm 2 and field intensity E 0 = 100 V/µm. Measurements were carried out according to the following scheme. At first, beam 2 and then the electric field were switched on. Switching on the field did not cause any change in the I 20 intensity. In several seconds, beam 1 was switched on (upward arrow in Fig. 9 ) and then switched off (down ward arrow). The shown in Fig. 9a amplification of beam 2 was approximated by the relation: Unlike Γ and ϕ 0 , susceptibility of third order increases from χ (3) = 4.2×10 −10 esu to 1.24×10 −9 esu at the change from yttrium to indium. In according with equation (12), it several let down the fall of the gain coefficient which as it well known is proportional to ∆n: Γ = 4π∆n cos 2θ sin ψ/λ.
So, heavy atom effect is basic factor which determines photoelectric, nonlinear optics and photorefractive properties metallophthalocyanines.
